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During the past decade, the field of toxin discovery has changed in many aspects, including the study of new phyla and the application of new discovery strategies. High-throughput screening at the cDNA level has been successful in characterizing a broad range of toxin sequences \[[@B1]-[@B7]\]. In an article published in *Genome Biology*, Whittington and colleagues \[[@B8]\] report the discovery of novel toxin genes in the platypus, expanding the small list of previously characterized venom compounds in this fascinating species \[[@B9]-[@B15]\]. At first glance, we were surprised to find the expression of sarafotoxin-like sequences as, to date, no similar sequences have been identified outside the small genus of burrowing snakes (*Atractaspis*). A preliminary analysis yielded strong evidence for the non-toxin function of these sarafotoxin-like sequences. Hence, we decided to re-evaluate the original venom-gene list, which includes 83 sequences. Here, we address issues that question the validity of the annotation method adopted by Whittington *et al*., which is largely based on similarity searches using toxin-related genes and on a tissue-expression criterion that might lead to false positives.

Why is the similarity-based annotation process prone to false-positive toxin identifications?
=============================================================================================

As correctly mentioned by Whittington *et al*., most proteins found in venoms are the result of toxin recruitment events in which an ordinary protein gene, typically one involved in a key regulatory process, is duplicated, and the new gene is selectively expressed in the venom gland. In many cases, such toxin genes are amplified to obtain multigene families with extensive neofunctionalization \[[@B10],[@B16],[@B17]\]. Alternatively, the similarities shared with non-venom-related genes could also originate from a process of convergent evolution. In both cases, the result is a high probability of retrieving non-venom-related genes through a basic local alignment search tool (BLAST) similarity search using the given toxin as the query. Based on these observations, Whittington and colleagues state that rejecting potential platypus venom genes on the basis of similarities with a non-venom gene is inappropriate. However much we agree with this point, we suggest that additional validation steps have to be performed to ensure that the toxin candidate is not in itself a non-venom gene, for the following reasons. First, the annotation process adopted by Whittington and co-workers is particularly sensitive to detection of false positives because it uses the Tox-Prot database enriched in vertebrate toxins \[[@B18]\] as a query to perform a TBLASTN search on the platypus cDNA database. Second, their conclusions were derived largely from top BLAST hit results, and that might increase the chance of retrieving cellular genes commonly expressed in vertebrate cells. Third, strong similarities to non-venom-related genes are discussed for some families, but no clear procedure is used to evaluate their impact. Finally, the likelihood of each candidate to be a toxin is evaluated through tissue-expression criteria, an approach for which the false detection rate needs further investigation.

Why is the tissue-expression criterion too permissive?
======================================================

First, in order to validate the putative venom function of BLAST-annotated candidates, the authors chose to screen EST databases of different platypus tissues. Candidates expressed in at least three non-venomous tissues were removed. We believe that this criterion is not stringent enough for several reasons. First, as also mentioned by the authors, venom compounds could be expressed at a basal level in various tissues, much in the same way as non-venom-related genes could be expressed in venomous tissues. This could lead to both the rejection of true candidates and the annotation of a false-positive as toxin. From a statistical point of view, this \'switch-on/switch-off\' approach lacks both power and sensitivity.

The second issue of this validation step is that, depending on the size of the different tissue databases, some compounds could simply be missing owing to sampling effects. For instance, the authors used an EST database of fibroblast cell lines that includes 9,699 EST sequences available in GenBank. In this database, we identified 8,813 ESTs from \'true\' fibroblast cell lines. The remainder (886 sequences) include both liver and spleen cDNA of low quality (mean length of 176 bp, standard error of 94 bp). Unfortunately, we were unable to evaluate the size and quality of the bill, brain, liver, spleen and testis databases generated for the platypus genome because we were unable to locate them. The original 2008 *Nature*journal publication of the platypus genome only mentioned the fibroblast cell line database, which was used to add experimental support to the *in silico*gene prediction \[[@B15]\]. In Whittington and colleagues\' study, only a small number of transcripts were generated (probably the 8,813 ESTs mentioned above).

Our final point is that, if one looks closely at the Illumina read counts for the toxin candidates, more than one-third of the putative candidates match fewer than 50 Illumina reads (about 3.10 × 10^-6^of the total reads), and three of them were not even detected in the Illumina reads but in the 454 reads only. To us, it seems rather contradictory to try to validate a very low transcribed toxin through tissue expression criteria - it lacks at least some statistical support.

For all these reasons, we believe that the tissue expression criteria will not be valid until applied, with caution, in combination with databases generated through high-throughput means.

Are there any sarafotoxin-like sequences in the platypus venom?
===============================================================

The starting point that led us to reconsider the toxin list was the discovery of a sarafotoxin sequence (SRTX) in the platypus transcriptome. SRTXs are highly toxic components isolated from the venom of scarce *Atractaspis*snakes. SRTXs are similar to the endothelins (ETs) of vertebrates, which function as potent vasoconstrictors and act by means of identical receptors \[[@B19]-[@B23]\]. However, the similarity between SRTX and ET sequences is restricted to the endothelin region that corresponds to the mature peptide (approximately 21 amino acids in length; Figure [1a](#F1){ref-type="fig"}). The SRTX sequence presented by Whittington *et al*. (named edn1_O.ananitus in our study) is clearly labeled as a \'previously unknown toxin\' and seems not to be expressed (or at least detected) in non-venom tissues. Because of its ranking in the list, the authors classified this unknown toxin in the top 33 list of \'probable (likely)\' platypus venom genes. In our opinion, this sequence could be excluded from the original list for many reasons, as summarized below.

![**Schematic representation, protein sequence alignment and maximum likelihood (ML) nucleotidic phylogeny of endothelin and sarafotoxin sequences**. The novel toxin gene identified by Whittington and colleagues (named edn1_O.ananitus) is identified by an orange star. For each endothelin (ET) group, we used two mammalian sequences (*Homo sapiens*and *Mus musculus*), one archosaurian sequence (*Gallus gallus*), one amphibian sequence (*Xenopus laevis*) and one actinopterygian sequence (*Danio rerio*). Only one copy of the fish-specific-duplicated edn-2 and edn-3 gene products was used in the alignment and in the phylogenetic analysis for *D. rerio*. Sequences from the fish-specific edn4 group have not been included. **(a)**The ET-like structure is represented at the top of the figure; the SRTX-like structure is represented at the bottom. The \'X\' used in the alignment for Sarafotoxin sequences means that no homologous regions are identified. Three different sarafotoxin isoforms isolated from *Atractaspis microlepidota*and encoded on the same precursor are used for multiple alignment. The dots used in the alignment for edn2 of the *Ornithorhynchus ananitus*sequence indicate missing data. The threshold for identity/similarity shading is 80%. **(b)**ML was performed on the ET/SRTX region of 108 bp using the generalized time-reversible plus invariant plus gamma (GTR+I+G) model. Topology is rooted with sarafotoxin sequences. Bootstrap values greater than 90% are indicated. The identified edn-1, edn-2 and edn-3 platypus sequences are indicated in red.](gb-2013-14-9-406-1){#F1}

First, the transcript presents a typical ET-type and not a SRTX-type organization (Figure [1a](#F1){ref-type="fig"}). SRTXs and ETs contain a common core of approximately 21 amino acids (containing the endothelin peptide) but have different precursor organizations: SRTXs from members of the *Atractaspis*genus present various repetitions of the ET motif, whereas the precursors of ETs contain a single and complete 21 amino acid motif followed by one peptide of 16 residues that displays a highly divergent amino acid composition, except for the conserved cysteine residues, a so-called \'ET-like\' core motif (Figure [1a](#F1){ref-type="fig"}).

Second, the putative venom gene identified by Whittington and colleagues shares more similarities to ET sequences (71% identity and 82% similarity with endothelin-1 from *Mus musculus*on the full-length sequence of 202 amino acids) than to any SRTX sequences (the best score for *Atractaspis microlepidota*SRTX with 15 of 21 residues identical is restricted to the endothelin region; see alignment in Figure [1a](#F1){ref-type="fig"}). Indeed, it is nearly perfectly identical to the endothelin-1 annotation suggested by the Ensembl genebuild.

In order to establish the phylogenetic position of the putative toxin, we performed a maximum likelihood (ML) analysis using the complete endothelin platypus repertory (edn1, edn2 and edn3 identified by Braasch and colleagues \[[@B24]\]), a subset of orthologous vertebrate sequences (edn1, edn2 and edn3 but not edn4 fish-specific genes) and SRTX sequences. We were unable to identify full-length edn2 and edn3 sequences owing to low conservation outside the \'big-endothelin\' region and the ambiguous sequenced regions of genomic contigs. Thus, the nucleotide phylogeny of endothelin genes was reconstructed using 108 bp within the \'big-endothelin\' domain. The endothelin phylogeny (Figure [1b](#F1){ref-type="fig"}) confirms that the \'new sarafotoxin-like gene\' groups within the edn1 clade. These results are in agreement with the phylogenetic analysis performed by Brassch and collaborators that included numerous ETs and SRTXs.

Finally, we performed synteny analysis of the Ultracontig 474, which contains the gene encoding edn-1. We found that the syntenic relationship of the edn-1 block among vertebrates is also conserved for the platypus (data not shown). Combining gene organization, similarity/identity evidence, phylogenetic analysis and syntenic conservation of the edn-1 block, we believe that this sequence should not be labeled as a toxin but probably be considered as possessing an endogenous function, comparable to that of edn-1 sequences found in most vertebrates. Of course, with a pure bioinformatics approach, it is not possible to exclude the possibility of a toxin nature for this sequence. However, our analysis produces the most parsimonious hypothesis.

Are there other ambiguous attributions?
=======================================

Indeed, ambiguous annotations are suspected for most of the new platypus toxin candidates. For instance, the putative C-type lectin 1 identified in the platypus transcriptome matches over nearly 3,500 amino acids in length on Uniprot sequences and less than 200 amino acids on the most similar Tox-prot sequences. Focusing on the matching domain (Figure [2](#F2){ref-type="fig"}), we observed that the C-type lectin domain (which is the only functional domain of relevant toxins) represents a small carboxy-terminal part of the full-length platypus toxin candidates (less than 4% of the full platypus protein sequence). The domain organization is indeed more similar to mammalian versican proteins, which also present a C-type lectin domain \[[@B25]\]. Based on a phylogenetic analysis, the C-type lectin domain itself is more related to non-venom lacticans (versican/aggrecan and neurocan protein; data not shown). Thus, it is more parsimonious to propose that this putative C-type lectin 1 sequence is involved in an endogenous function. Similar results were found for other toxin candidates, such as the Kunitz-type protease inhibitor 19, latrotoxin 27, latrotoxin 116 and the \'no-hits 93\' and \'no-hits 96\' sequences (no similar sequences on the Tox-Prot database).

![**Comparative analysis of the domain organization of the C-type lectin-domain-containing protein**. The dataset includes representative sequences of each protein group similar to the putative C-type lectin toxin. The different groups were identified after phylogenetic analysis of BLASTp hits retrieved on Tox-Prot and Uniprot databases associated with an e-value below 1^E^-05. To identify domains similar to those of platypus sequence parts, an alignment of the putative toxin and similar hits was performed using BLASTp. Domains associated with an e-value less than 1^E^-05 are indicated by colored boxes. The only shared motif is the C-type lectin domain. A sequence logo of the multiple alignment of C-type-lectin domains is represented above. Compared are the rat *Rattus norvegicus*, the chimpanzee *Pan troglodytes*, the water snake *Enhydris polylepsis*, the toadfish *Thalassophryne natterei*and the pit viper *Trimeresurus flavoviridis*.](gb-2013-14-9-406-2){#F2}

The rejected venom genes mostly concern Kunitz-type proteases and latrotoxins. These protein families contain ankyrin and Kunitz-type domains, which are widespread among non-venom-related gene products. Consequently, they are good \'seeds\' to retrieve many sequenced genes through BLAST search analyses. Most of the new toxin candidates from these families contain such domains, but, as is the case in the above-mentioned examples, similarity to previously characterized toxins is restricted to a single domain.

Are there unequivocal criteria to label a given protein as a toxin?
===================================================================

Acceptance or rejection of a toxin candidate is quite complex, at the bioinformatic level as well as through benchwork analyses. From our point of view, unequivocal criteria do not exist. It is certain, however, that, when adopting a bioinformatics approach, prudent choice of a database resolves some issues. The dataset used as a query should include toxin as well as non-toxin-related genes. We will briefly touch upon the remaining issues. To start with, there is no reason to assume that toxin candidates evolved from identical paralogous copies in different taxa - that is, toxins of the same family might not cluster together within a monophyletic group. Moreover, we agree with Whittington and colleagues that, following a very recent recruitment of a common protein after a duplication event, the new toxin is hypothesized to be very similar to the original \'proof\'. However, the application of a more conservative validation criterion leads to the rejection of most \'novel venom genes\' presented in this study. Hence, we believe that the annotation process used by Whittington and colleagues is too permissive. Their tissue-expression criterion is only valid when performed on high-throughput-generated datasets and should also include statistically sound comparative arguments to validate candidates associated with a broad range of transcription levels. Finally, we agree with the authors that functional analyses have to be performed to confirm or refute the toxic activity of a given sequence. Nevertheless, *in vitro*and *in vivo*validation of *in silico*candidates will always need to be approached with the utmost caution. After all, any compound, depending on dosage, could potentially act as a toxin.

Camilla M Whittington, Anthony T Papenfuss, Katherine Belov and Wesley C Warren respond:

The correspondence by Terrat and Ducancel raises some valid points about the limitations of our annotation of the platypus venom gland transcriptome \[[@B8]\]. While we agree that our annotation methodology was permissive (and have stated as much in our manuscript, referring to the platypus venom genes as \'putative\'), we believe that it represents the best approach, given the data and methods available at the time.

While Terrat and Ducancel do provide some interesting new analytical techniques, in particular refuting our annotation of a sarafotoxin-like sequence and a C-type lectin as putative venom genes, which we concede might be the case, it is worth noting that approximately 50% of members of families singled out as false positives by Terrat and Ducancel are not included in our list of likely venom genes passing our more stringent criteria. For our more permissive dataset (83 genes), our choice of screening out putative venom genes based on expression in 50% of the available non-venom platypus EST libraries represents an effort to strike a balance between avoiding false positives and excluding true venom genes from further analysis, given that we have previously shown that platypus venom genes can be expressed in non-venom tissues \[[@B26]\]. We used more stringent criteria to identify a subset of likely venom genes (33 genes) that were not expressed in any non-venom tissues.

In addition, Terrat and Ducancel have misunderstood parts of our annotation process. Their statements about our annotation using TBLASTN to search Tox-Prot proteins against the platypus cDNA database miss the point that we utilized BLAST searches of Tox-Prot sequences against the platypus genome. The authors also refer to the use of our expression data in a quantitative way, stating that more than one-third of the putative candidates match fewer than 50 Illumina reads. We do not believe that this is valid, owing to the fact that the library was normalized before sequencing. As evidence, we cite the platypus genome manuscript where, in the supplementary notes, a description of the library preparation method is found. In brief, the optimally cycled cDNA product is boiled and allowed to re-anneal, and, during this time, the high-copy molecules re-anneal, whereas the low-copy molecules maintain the single-stranded state, achieving normalization. This would account for the low copy number of potential venom genes. While it is possible to conclude, as we have, that high read counts in normalized libraries probably indicate high expression *in situ*, it is not valid to perform the reverse comparison and conclude that low read counts in normalized libraries indicate low expression *in situ*. Their argument that some of our putative toxins are probably non-toxins given that they are more related to non-venom proteins than to venom sequences is flawed as one might expect this given the degree of divergence between platypuses and other venomous species, and recruitment of specific domains might result in only partial homology to known toxins. We also disagree with the use of synteny data to infer non-venom function as we have previously shown that genes with venom function are conserved in a syntenic block with related non-toxin genes \[[@B27]\].

We clearly state in our article that our analysis is a first-pass analysis of the platypus venom transcriptome, and we discuss the limitations of our approach. While we agree with Terrat and Ducancel that our criteria were permissive, we stand by the use of these permissive criteria, as we did not want to exclude any potential venom genes from further study. We discuss in our manuscript the fact that further research, including functional testing, is required before any of the putative toxins can be definitively classified as novel platypus venom toxins. This fact is also recognized by Terrat and Ducancel, who concede that they are unable to refute definitively our designation of putative platypus venom toxins without functional testing.

A first-pass analysis of the transcriptome is a necessary step towards identifying new venom toxins, and the results we obtained are valid with our methodology. As with many *in silico*analyses, a change in methodology will affect the results. This is inevitable with any re-analysis of genomic data, as bioinformatic methods evolve over time. We have thus undertaken follow-up studies to address some of the concerns raised in both articles. These include improved phylogenetic analyses, with an investigation of genes under positive selection \[[@B28]\], as well as sequencing of in-season and out-of-breeding-season venom glands in order to identify differentially expressed venom genes, which we combined with proteomics work \[[@B29]\].

In conclusion, although we agree that Terrat and Ducancel raise some valid points, we disagree with several of their arguments and have addressed other issues in our further research, some of which is already published.

Correspondence should be sent to Wesley C Warren: The Genome Institute, Washington University School of Medicine, Campus Box 8501, 4444 Forest Park Avenue, St Louis, MO 63108, USA. Email: wwarren\@genome.wustl.edu

Abbreviations
=============

bp: base pair; BLAST: basic local alignment search tool; EST: expressed sequence tag; ET: endothelin; ML: maximum likelihood; SRTX: sarafotoxin sequence.
